In colorectal cancer, cyclooxygenase-2 (COX-2) overexpression in stromal cells induces angiogenesis through EP2 prostaglandin E2 receptor signaling. Cytoplasmic phospholipase A2 (PLA2) alpha preferentially hydrolyses arachidonic acid, which is the limiting substrate for prostaglandin production, from membrane phospholipids. We therefore investigated a possible relationship between cytoplasmic PLA2 and COX-2 overexpression in stromal cells, angiogenesis and microsatellite instability in 48 human colorectal adenocarcinomas. Cytoplasmic PLA2 and COX-2 expression in stromal cells and vascular endothelial growth factor (VEGF) expression in tumor cells were evaluated by immunohistochemistry. Microvessel density was assessed in 10 Â 400 fields after CD31 staining. Microsatellite instability was evaluated by PCR and immunohistochemistry. A total of 16 tumors had microsatellite instability. We found an overexpression of cytoplasmic PLA2 in superficial stromal cells. These cells corresponded to fibroblasts and myofibroblasts. There was an association between the number of cytoplasmic PLA2 and COX-2-expressing cells (P ¼ 0.006). Cytoplasmic PLA2-positive stromal cells usually also expressed COX-2. A high number of cytoplasmic PLA2-positive stromal cells was correlated with a high microvessel density (P ¼ 0.002), a strong VEGF (P ¼ 0.01) and the absence of microsatellite instability (P ¼ 0.001). The coordinate overexpression of cytoplasmic PLA2 and COX-2 in stromal cells could lead to an important prostaglandin production. These results suggest that cytoplasmic PLA2 overexpression in these cells regulates COX-induced angiogenesis probably by providing arachidonic acid, which is the limiting factor for prostaglandin production. The lower number of cytoplasmic PLA2-positive stromal cells in carcinomas with microsatellite instability could be related to their lower microvessel density and VEGF expression.
Cyclooxygenase-2 (COX-2) overexpression is directly involved in tumor development 1 and particularly in colorectal tumor development. In animal models, COX-2 knockout or treatment with specific COX-2 inhibitors reduces intestinal tumor development.
2-5 COX-2 tumor promotion probably involves different biological mechanisms, among them being the induction of tumor angiogenesis. 6 Indeed, COX-2 overexpression in colon cancer cells regulates angiogenesis in vitro and in vivo. [7] [8] [9] In colon adenomas and carcinomas, COX-2 is overexpressed in tumor cells but also in interstitial stromal cells. [10] [11] [12] [13] [14] COX-2 overexpression in interstitial stromal cells also induces tumor angiogenesis in several models of tumor development. 15, 16 In intestinal tumors, angiogenesis induced by COX-2 expressing interstitial stromal cells is mediated by prostaglandin E2 through EP2 prostaglandin E2 receptor signaling. 17 However, prostaglandin production is also directly dependent on free arachidonic acid availability. Arachidonic acid is released from membrane phospholipids by phospholipase A2 (PLA2). Several types of PLA2 are expressed in human cells. Among them cytoplasmic PLA2, also known as type IV PLA2 alpha (PLA2 a), preferentially hydrolyses sn-2 arachidonic acid that is the limiting substrate for COX-mediated prostaglandin production. 18 Recently, we studied cytoplasmic PLA2 expression in human small bowel and colon adenocarcinomas and we noticed that some superficial stromal cells overexpressed this protein in these lesions. 19 In this present work, we identified the stromal cells overexpressing cytoplasmic PLA2 in colorectal carcinomas. We also investigated whether cytoplasmic PLA2 expression in these stromal cells could be related to angiogenesis induction. We therefore studied the relationship between cytoplasmic PLA2 expression in stromal cells, COX-2 expression in these cells and angiogenesis in a large series of human colorectal carcinomas. As the presence of microsatellite instability is correlated with a lower angiogenesis in colon carcinomas, [20] [21] [22] [23] we also studied the relationship between cytoplasmic PLA2 expression in stromal cells and microsatellite instability in these tumors.
Materials and methods

Samples
A total of 65 colorectal carcinomas were studied. In all, 17 carcinomas had a totally ulcerated or necrotic surface; thus 48 samples could be evaluated with regard to cytoplasmic PLA2 and COX-2 expression in superficial stromal cells. They belonged to a wellcharacterized series of colorectal carcinomas selected from the pathology files of Saint-Antoine Hospital. 24 All samples were surgical resections. Surgical specimens were fixed in 10% buffered formalin and embedded in paraffin. The stage was assessed according to the UICC cancer staging system. 25 
Microsatellite Instability Assessment
Microsatellite instability was studied on paraffinembedded tumor samples and on matching normal controls by polymerase chain reaction (PCR) and immunohistochemistry. Five to seven consecutive 20 mm tissue sections were cut, and deparaffinized. DNA extraction was performed using QIAamp DNA Mini Kit (Qiagen, Courtaboeuf, France). DNA samples were amplified at six microsatellite loci. Five loci belonged to the reference panel (BAT25, BAT26, D2S123, D5S346, D17S250) and the sixth locus was an alternative locus (transforming growth factor b receptor of type II (TGFbRII)), according to the National Cancer Institute Workshop on microsatellite instability. 26 Microsatellite instability in tumors was defined by two or more loci showing an electrophoretic shift. We also assessed microsatellite instability by immunohistochemical evaluation of hMLH1 and hMSH2 protein expression. This method was shown to be sensible and specific 27 (anti-human MLH1 monoclonal antibody, clone G168-728, 1/70, BD Pharmigen, and anti-human MSH2 monoclonal antibody, clone FE-11, 1/100, oncogene research products). Indeed, a loss of hMLH1 or hMSH2 protein expression was observed in all the carcinomas with microsatellite instability and in none of the others.
Immunohistochemistry
Consecutive 4 mm tissue sections were cut from the same paraffin block that was used for microsatellite instability assessment. Immunostaining was performed using an avidin-biotin-peroxidase technique (Vectastain ABC Kit, Vector, Burlingame, CA, USA) for vascular endothelial growth factor (VEGF), COX-2 and cytoplasmic PLA2. A three-step indirect method was used for CD31. The following antibodies were used: (i) VEGF (A-20) rabbit polyclonal IgG (Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a dilution of 1/100, (ii) COX-2 mouse anti-human monoclonal antibody (Cayman Chemical, Ann Arbor, MI, USA) at a dilution of 1/600, (iii) cytoplasmic PLA2 mouse monoclonal antibody (sc454, Santa Cruz Biotechnology, Santa Cruz, CA, USA) at a dilution of 1/100 and (iv) CD31 mouse anti-human monoclonal antibody (M0823, DakoCytomation, Glostrup, Denmark) at a dilution of 1/30. Before immunostaining, endogenous peroxidase activity was inhibited with 0.1% hydrogen peroxide in methanol for 30 min. Microwave antigen retrieval was performed for COX-2, cytoplasmic PLA2 and CD31 (750 W during 15 min, then 150 W during 15 min) in citrate buffer (0.01 mol/l, pH 6). Color development was achieved with 3-amino-9-ethyl-carbazole, and sections were finally counterstained with hematoxylin. Negative control slides were obtained by omitting the primary antibody, and by the use of irrelevant antibodies produced in the same animal. Irrelevant antibodies were matched for the antibody isotype in case of monoclonal antibodies. Negative controls for COX-2 and cytoplasmic PLA2 also included antibody preabsorption with the peptide used for immunization.
Assessment of Stains
Labeled ganglion cells or smooth muscle cells of blood vessels were used as internal control for VEGF staining. Superficial positive interstitial cells were used as internal control for COX-2 staining. A colon carcinoma overexpressing cytoplasmic PLA2, assessed by Western blot and immunohistochemistry, was used as a positive external positive control for cytoplasmic PLA2 staining.
VEGF scoring was performed by two authors independently (DW, JFF) using a semi quantitative score. 22, 28 Scoring was performed in a blinded manner without knowledge of the microsatellite instability status, the microvessel density and the number of COX-2 or cytoplasmic PLA2 expressing superficial stromal cells in the tumors. Any tumor with a different final assessment was re-evaluated by a consensus review. Briefly, tumors were divided into four equal surface areas. VEGF staining in tumor cells was scored semiquantitatively as follows: 0, no staining or staining in less than 10% of the tumor cells, 1, weak staining, 2, moderate staining and 3, strong staining. The final score (range from 0 to 12) was the sum of the four scores established for each subdivided area. When the final score was 0 or 1 we considered that there was no significant expression. A final score ranging from 2 to 5 defined a weak expression, a final score ranging from 6 to 9 defined a moderate expression and a final score ranging from 10 to 12 defined a strong expression
As stromal cells expressing cytoplasmic PLA2 were exclusively situated just below the surface epithelium, we evaluated the number of positive stromal cells in four random Â 400 fields below the luminal surface (total surface 0.39 mm 2 ) in tumor areas without necrosis and distant from an ulcerated surface. Any stromal cell showing a cytoplasmic reactivity was counted. This count was performed without knowledge of the microsatellite instability status, VEGF expression and microvessel density in the tumor. COX-2-positive stromal cells were counted in the same fields on a consecutive tissue section.
Quantification of Intratumoral Microvessel Density
The vessel count was assessed by light microscopy on CD31-stained slides as previously described. 22 In each case, the microvessels were counted in 10 Â 400 fields (0.97 mm 2 ). Vascularity was expressed as the total count of microvessels/mm 2 . Fluorescence was observed using a LEICA TCS spectral equipped with an inverted microscope and a 63/1.4 objective. A krypton/argon-mixed gas laser was used to generate two bands: 488 nm for FITC and 568 nm for TRITC. Both fluorochromes were excited and analyzed in sequential pass with no interference between the two channels. Image processing was performed using the on-line Scan Ware software.
Immunofluorescence Detection and Scanning Laser Confocal Microscopy Analysis
Statistical Analysis
The association between categorical variables was tested by Fisher's exact test. The association between quantitative variables was tested with the Pearson correlation coefficient. For comparison of means, the t-test was used. All tests were two-sided, and a P-value less than 0.05 indicated statistical significance. The R software (http://cran.r-project. org) was used in all analyses.
Results
Colon Carcinomas and Microsatellite Instability
The average age of the patients was 63 years (range 33-89). A total of 30 carcinomas were located in the right colon and 18 in the left colon.
Of the 48 carcinomas, 16 (33%) were stage I, 18 (37%) were stage II, 11 (23%) were stage III and three (6%) were stage IV. Microsatellite instability was found in 16 (33%) carcinomas.
Stage distribution was similar for the carcinomas without microsatellite instability compared to the carcinomas with microsatellite instability (P ¼ 0.91).
Cytoplasmic PLA2 Expressing Stromal Cells
Cytoplasmic PLA2-positive stromal cells were exclusively situated just below the surface epithelium (Figure 1a) . Cytoplasmic PLA2 immunostaining in stromal cells appeared cytoplasmic, with a granular pattern (Figure 1b) . The median number of superficial stromal cells expressing cytoplasmic PLA2 in carcinomas was 62.8/mm 2 ( Table 1 ). There was a strong positive correlation between the number of superficial stromal cells expressing cytoplasmic PLA2 and the number of superficial stromal cells expressing COX-2 (P ¼ 0.006). There were less numerous cytoplasmic PLA2-positive superficial stromal cells than COX-2-positive superficial stromal cells except in six cases. Table 1 ). There was no association between the number of cytoplasmic PLA2-positive superficial stromal cells and stage of the carcinomas (P ¼ 0.35). Double immunofluorescent staining with confocal microscopy showed that cytoplasmic PLA2 protein was mainly situated in the cytoplasm with a patchy distribution, but also in the perinuclear region although with a lesser intensity (Figure 1d ). In the five studied samples, superficial stromal cells expressing cytoplasmic PLA2 also expressed COX-2 ( Figure 1f ). Cytoplasmic PLA2-positive stromal cells did not express CD68 (macrophage marker) (Figure 3a-c) . Cytoplasmic PLA2-positive stromal cells expressed vimentin (Figure 3d-f ) and sometimes smooth muscle actin (myofibroblast marker) (Figure 3g-i) .
COX-2 Expressing Stromal Cells
COX-2 immunostaining in superficial stromal cells appeared cytoplasmic (Figure 1c) . The median number of COX-2-positive superficial stromal cells in colon carcinomas was 212.8/mm 2 ( Table 1) . There was neither association between the number of COX-2-positive superficial stromal cells and VEGF expression and microvessel density (P ¼ 0.29 and 0.81, respectively). There were less numerous COX-2-positive superficial stromal cells in tumors with microsatellite instability (P ¼ 0.03, Table 1 ).
There was no association between the number of COX-2-positive superficial stromal cells and the stage of the carcinomas (P ¼ 0.13).
Confocal microscopy showed that COX-2 protein was situated in the cytoplasm and around the nuclei in the superficial stromal cells (Figure 1e ).
VEGF Expression and Intratumoral Microvessel Density
The median number of intratumoral vessels in colon carcinomas was 93.3/mm 2 ( Table 1 ). There was a positive correlation between VEGF expression and microvessel density (Po10 À5 ). Colorectal carcinomas with microsatellite instability had a lower microvessel density and VEGF expression compared to colorectal carcinomas without microsatellite instability (P ¼ 0.0007 and 0.04, respectively).
Discussion
Cytoplasmic PLA2 has been shown to be overexpressed in colon carcinoma in some studies; however, most of these studies did not define which cells overexpressed cytoplasmic PLA2, as they did not use in situ techniques. [29] [30] [31] In the studies that used immunohistochemistry, some authors demonstrate a diminished cytoplasmic PLA2 staining in the tumor cells compared to normal epithelium. 32 Others report an overexpression of cytoplasmic PLA2 in tumor cells in up to 35% of the colorectal cancers but this overexpression is then most often weak or moderate. 19, 33 So far, no study focused on cytoplasmic PLA2 expression in stromal cells in colorectal carcinomas. We show a high protein expression of cytoplasmic PLA2 in superficial stromal cells in colorectal carcinomas. These cells are exclusively situated in the superficial stroma, just below the surface epithelium and we identified these cells as fibroblasts and myofibroblasts. After immunofluorescent labeling and confocal microscopy analysis, the intracellular distribution of cytoplasmic PLA2 appears cytoplasmic and patchy with a moderate perinuclear distribution. This pattern has already been described in several studies and may correspond to a colocalization with cytoplasmic lipid bodies. 34, 35 Cytoplasmic PLA2 overexpression in these cells is often associated with COX-2 expression. Indeed, our immunohistochemical results showed a statistical relation between the number of cytoplasmic PLA2-and COX-2-positive stromal cells (P ¼ 0.006). However, in most cases there were less numerous cytoplasmic PLA2-positive stromal cells than COX-2-positive stromal cells. Moreover, by confocal microscopy we show a coexpression of these two enzymes in the superficial stromal cells: most of the cytoplasmic PLA2-expressing stromal cells also expressed COX-2. In accordance with this finding, COX-2 expression has already been demonstrated in interstitial cells of human colon adenomas and carcinomas. 12, 14, 36 Some authors found that COX-2-positive interstitial cells correspond mainly to macrophages [10] [11] [12] but others demonstrate COX-2 expression mainly in fibroblasts. 13, 14 Our results indicate that superficial fibroblasts and myofibroblasts may express cytoplasmic PLA2 as well as COX-2 and are thus in accordance with these latter studies. In these superficial stromal cells, COX-2 was situated in the cytoplasm and the perinuclear region in accordance with the endoplasmic reticulum and perinuclear membrane localization of COX-2.
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Overexpression of both cytoplasmic PLA2 and COX-2 in stromal cells could lead to high levels of prostaglandin production because a coordinate activation of PLA2 and COX-2 is necessary to produce significant amounts of prostaglandins. 38 Although, an increased protein expression does not necessarily indicate an important activation or increased function, the moderate perinuclear cPLA2 distribution seen by confocal microscopy could be related to cytoplasmic PLA2 activation. 39 Since our approach is based on immunohistochemistry and image analysis in human lesions, we could not directly demonstrate a high cytoplasmic PLA2 activity or high prostaglandin production. We thus wanted to determine if cytoplasmic PLA2 protein overexpression in stromal cells could be linked with a biological effect known to be regulated in colorectal cancer by COX-2-induced prostaglandin production. In particular, we investigated a possible relation between the number of cytoplasmic PLA2-expressing stromal cells and tumor angiogenesis. Indeed, previous studies in mice have shown that COX-2 overexpression in stromal cells is associated with tumor angiogenesis. 15 In particular, it has been shown that COX-2 expression in stromal cells results in high prostaglandin E2 levels, which induce VEGF expression and angiogenesis. 16, 17 In our study, we found no association between the number of COX-2 expressing superficial stromal cells and microvessel density or VEGF expression (P ¼ 0.81 and 0.29, respectively) in colorectal carcinomas. Although a relation between COX-2 expressing stromal cells and angiogenesis was found by Chapple et al 40 in colorectal adenomas, no study reported such a relation in human colorectal carcinomas. This could be linked to tumor progression. On the contrary, we found a strong association between the number of cytoplasmic PLA2-positive stromal cells and microvessel density and VEGF expression (P ¼ 0.002 and 0.01, respectively). As cytoplasmic PLA2 specifically hydrolyses arachidonic acid from membrane phospholipids, which is the limiting factor for prostaglandin production, 41 our results could suggest that, in colorectal carcinomas, cytoplasmic PLA2 overexpression in stromal cells regulates COX-induced angiogenesis probably by providing arachidonic acid.
We also studied the relation between cytoplasmic PLA2, COX-2-expressing superficial stromal cells and microsatellite instability. Indeed, it has been shown that microsatellite instability in colorectal cancer is associated with a lower microvessel density and VEGF expression. 21, 22 In accordance with these previous results, we found a lower microvessel density and VEGF expression in tumors with microsatellite instability (P ¼ 0.0007 and 0.04, respectively). We also found less cytoplasmic PLA2 and less COX-2-positive stromal cells in tumors with microsatellite instability compared to tumors without microsatellite instability (P ¼ 0.001 and 0.03, respectively). As we showed a relation were shown to regulate COX-2 and cytoplasmic PLA2 expression in tumor cells 42, 43 and could be implicated since stromal cells may also have genetic alterations. 44 In summary, we demonstrated the presence of cytoplasmic PLA2 overexpressing superficial stromal cells in colorectal carcinomas. These cells correspond to fibroblasts and myofibroblasts. They usually also express COX-2. Moreover, we found an association between a high number of cytoplasmic PLA2-positive stromal cells, a high microvessel density, a strong VEGF expression and the absence of microsatellite instability. On the contrary we found no association between the presence of COX-2-positive superficial stromal, microvessel density VEGF expression. Although these correlations based on in situ analysis of human tissues do not demonstrate a precise mechanism, they are coherent with most of the studies and knowledge concerning COX-2 and prostaglandin roles in colorectal tumor development. It is most likely that the coordinate overexpression of cytoplasmic PLA2 and COX-2 in stromal cells could lead to an important prostaglandin production. In addition, cytoplasmic PLA2 overexpression in these cells could regulate COX-induced angiogenesis probably by providing arachidonic acid that is the limiting factor for prostaglandin production. The lower number of cytoplasmic PLA2-positive stromal cells in carcinomas with microsatellite instability could also explain their lower microvessel density and VEGF expression.
